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ABSTRACT. The murine prion protein PrP gene encodes a protein of 254 amino acids with two consensus
sites for Asn-linked glycosylation at codons 180 and 196. A partial site-specific study of the N-linked
glycans from hamster PrP has previously been carried out by mass spectrometry [Stahl, N., Baldwin, M.
A., Teplow, D. B., Hood, L., Gibson, B. W., Burlingame, A. L., and Prusiner, S. B. (18&)hemistry

32, 1991-2002] and revealed that the glycosylation at Asn-181 (equivalent to mouse 180) is heterogeneous,
comprising over 30 glycoforms. The identification of the glycosylated peptide spanning Asn-197 was not
reported. Recent technical advances in electrospray mass spectrometry now provide the sensitivity to
detect low femtomole quantities of glycopeptides wittb000 mass resolution and 30 ppm mass
measurement [Medzihradszky, K. F., Besman, M. J., and Burlingame, A. L. (Fag8)l Commun. Mass
Spectrom. 12472-478]. This performance coupled with stepwise exoglycosidase digestion has been
employed to establish the differential nature of the structural complexity (glycoforms) of the glycans at
Asn-180 and Asn-196 from a single strain infected with the ME7 strain. Some sixty structures have been
found characterized by neutral and sialylated bi-, tri-, and tetraantennary complex-type bearing outer-arm
o(1—3)-fucosylation (the Lewisand sialyl-Lewi¥ epitopes), core(1,6) fucosylation, and the presence

of terminal HexNAc residues. The Lewitrisaccharide is the major nonreducing structure at Asn-180,
and significant amounts of both Lewiand sialyl Lewi¥ epitopes are observed at Asn-196. The abundance

of the Lewig and sialyl Lewi$ epitopes on murine PBPmay indicate a role for these structures in the
normal function of PrP or the pathophysiology of P#P

Transmissible spongioform encephalopathies are progresprotein, PrP, to an aggregated insoluble, proteolytically
sive neurodegenerative diseases of humans and animalsesistant form (designated PfRs a key feature of molecular
which can be transmitted via contaminated food or by pathogenesis of these diseas®s (

inoculation. Survival time, clinical signs, and brain pathology  1he mouse PrP gene encodes a protein of 254 amino acids
depenql p“”?a”'y on the genet'cs of the hOSt and th_e Strain\yith two consensus sites for Asn-linked glycosylation at
of the infecting agent (or prion). Many different strains of - .., ,,¢ 180 and 196. Previous characterization of the glycans

agent from natural cases of ovine (scrapie) or bovme.Of hamster PrP by anion-exchange chromatography, exogly-

spongioform encephalopathy have been characterized by the'%osidase digestion, and methylation analysis revealed het-
phenotypes in a panel of inbred mic#&).(In all cases, '

conversion of a normal isoform of the plasma membrane erogeneous, cornple>_<-type c_)Ilgosaccharldes, some of which
possessed terminal sialic acids and fucosylated anteBpae (
This study proposed that such a diversity of oligosaccharide
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to detect low femtomole quantities of glycopeptides with the Sciex mass spectrometer and;23min was collected

>5000 mass resolution and 30 ppm mass measurerbent ( manually and saved for further characterization. The mass
We have employed this new generation of electrospray massspectrometer was scanned in both the conventional and SIM
spectrometric instrumentation as well as exoglycosidasemode. For the latter experiment the carbohydrate oxonium

digestion to determine the first site-specific characterization
of the microheterogeneity of both N-linked glycan sites of
murine Pri<We report a comprehensive structural analysis
of all the complex carbohydrate structures attached to both
Asn-180 and Asn-196 on murine Pfrom a single mouse
strain infected with the ME7 strain of scrapie.

MATERIALS AND METHODS

Purification of PrP¢ PrP¢ was purified from mouse
brains by detergent lysis, differential centrifugation and size-
exclusion chromatography according to the procedure de-
scribed by Hope et al 6].

Alkylation and Tryptic Digestion Purified PrP° was
reduced in dithiothreitol (Pierce) and alkylated with 4-vinyl
pyridine (Sigma) in the presencé ® M guanidine hydro-
chloride, pH 8.5 7). The alkylated protein was precipitated
with methanol, redissolvedni4 M urea and 200 mM
ammonium bicarbonate, pH 8.5, and digested with trypsin
(Promega) (5% trypsin by weight overnight at 32).

Sequential Exoglycosidase Digestiofdigestions were
carried out on purified glycopeptides: Neuraminidase (from
Vibrio cholerag EC 3.2.1.18, Boehringer Mannheim), broad
specificity 50 milliunits in 100uL of 50 mM ammonium
acetate buffer, pH 5.5, for 48 h, with a fresh aliquot added
after 24 h;a-fucosidase (fronXanthomonas manihofislew
England Biolabs), specificity fom(1,3/4)-fucose 0.2 unit in
100uL of provided incubation buffer for 24 ij-galactosi-
dase (fromDiplococcus pneumongieBoehringer Mann-
heim), specificity forj(1,4)Gal 10 milliunits in 10QuL of
provided incubation buffer for 24 h with a fresh aliquot of
enzyme added after 12 h. All enzyme digestions were carried
out at 37°C and terminated by centrifugal evaporation. An
appropriate aliquot was taken after each digestion and
analyzed by capillary LC-ESMS using the Mariner oaTOF
mass spectrometer described below.

Liguid Chromatography Electrospray Mass Spectrometry.
Microbore and capillary HPLC/ESI-MS experiments were
performed with both electrospray triple quadrupole (PE Sciex
300) and an electrospray orthogonal acceleration time-of-
flight (ESIl-oaTOF) (Mariner, PE Biosystems) mass spec-

ions atm/z 204 (HexNAc"), m'z292 (NeuAc) andm/z 366
(HexHexNAc") (dwell time, 200 ms each) were monitored
at a high orifice potential of 200 V. Full scansratz 383—
2500 (0.125 AMU steps, scan time 5 s) were then acquired
at a lower orifice potential of 75 V.

The collected HPLC fractions containing glycopeptides
were pooled, dried down, resuspended in 0.1% formic acid
in H,0O, and reanalyzed by capillary HPLC coupled to a
Mariner electrospray-orthogonal acceleration TOF mass
spectrometer (PE Biosystems, Framingham, MA). Capillary
HPLC was achieved by use of a 140C dual syringe pump
flowing at 10-12 uL/min that was stream-split so that-2
uL/min flowed onto the column (18@m x 50 mm, LC
Packings). After sample injection, the column was eluted
with a linear gradient of 0.5%/min of the alcohol-based
mobile phase described above, and the HPLC eluent was
monitored at 210 nm by a UV detector (ABI 785A) that was
fitted with a capillary U-Z flow cell (LC-Packings). The
HPLC was interfaced to the electrospray source of the
Mariner by a length of fused silica capillary tubing. A scan
was acquired evgr3 s as thaesult of 24 000 pulses, over
a mass range ofyz 360—2000. Singly and doubly protonated
ions of gramicidin S were used for a two-point external
calibration.

RESULTS

Glycopeptides containing glycosylation sites at Asn-180
and Asn-196 were isolated from tryptic digests of iy
microbore HPLC/ESIMS using a Sciex 300 triple quadrupole
mass spectrometer that was scanned in both the conventional
and selected ion monitoring (SIM) mode. For the SIM
experiment, the orifice voltage was adjusted to 200 V (from
75 V) and the mass spectrometer was set to monitor the mass
values representing specific carbohydrate fragment ions
characteristic of the presence of generic glycopepti@es (

9, 11). These SIM data (not shown) revealed the elution
profiles of two different glycopeptide-containing fractions
at approximately 37 and 47 min.

The earlier-eluting glycopeptide profile was significantly
broader than the later peak, and analysis of its mass profile

trometers, respectively. Glycopeptides were detected selectevealed peptide heterogeneity due to two different faetors

tively by microbore LC-ESMS equipped with selected ion
monitoring for sugar oxonium ions8( 9). This was per-
formed with an ABI 140B dual syringe pump system set to
deliver mobile phase at 40./min. The tryptic digest mixture

in urea was injected (Rheodyne model 8125) onto a Vydac
microbore column (C18, 1 mnmx 150 mm, 5u) and

incomplete proteolysis and in vitro modification of an
N-terminal glutamine. Bulky carbohydrate chains at Asn-
196 apparently prevent attack by trypsin at Lys-193, because
only limited cleavage at this site was observed, confined to
protein bearing either no N-linked glycosylation or only the
small glycan structures (partial mouse protein sequence

separation was achieved by use of an alcohol-based mobile'®3RPVDQYSNQNNFVHDCWENITI184KQHTVTT-

phase 10) where solvent A was 0.1% formic acid in,@8
and solvent B was ethanoeh-propanol in 0.05% formic acid
(5:2 v/v). The column was equilibrated in solvent A
containing 5% solvent B, and the gradient was initiated 10
min after injection and then increased linearly to 60% B over
60 min. The column effluent was monitored at 214 nm by a
UV detector (ABI 785A) equipped with a high-sensitivity
U—Z flow cell (LC Packings, San Francisco), after which it
was split so that approximately 8 /min was directed into

TTEKGEPNFTETDV?XK). The major tryptic site found
accessible in this region occurred at Lys-184, liberating a
tryptic peptide Glass—Lys03 bearing an N-terminal glutamine
residue. This GIn-185 residue was observed to be partially
converted to pyroGlu during mass spectral analysis, thus
accounting for the observation of an unusually broad
chromatographic profile due to the presence of three glyco-
peptides containing Asn-18tpyroGlngs—LySz03 Glnigs—
Lyszos and Glyigs—Lyszos—that were chromatographically
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Ficure 1: ESI-0aTOF mass spectra of the tryptic glycopeptides containing PrP resigise&@s (MW,,q = 2137.3 Da), which contain
a consensus sequence for N-linked glycosylation at Asn-196. Electrospray mass spectrum of the (A) asialyl, (B) monosialyl, (C) disialyl,
and (D) trisialyl glycopeptides.

unresolved. Of these three, the predominant glycopeptidetentatively assigned by comparison of the oligosaccharide
species contained the amino acid sequenceg&Sthys,os. compositions with the carbohydrate structures reported
Therefore, for the sake of simplicity, this Asn-180 glyco- previously for hamster PAP(3) and those known to occur
peptide was chosen for mass spectral interpretation andin mammalian glycoproteins. These compositions suggest
discussion (see below). that complex-type oligosaccharides that bear up to three sialic
The narrow profile of the later eluting fraction was due to acid residues occur at the N-linked consensus site at Asn-
charge heterogeneity from differential sialylatiob0). In 196. The asialo glycopeptides elute first (Figure 1A),
these experiments large signals were detected for bothfollowed sequentially by the mono- (Figure 1B), di- (Figure
unglycosylated peptides and this provided unambiguous 1C), and trisialylated (Figure 1D) components. However, not
evidence for partial occupancy of both glycosylation sites all structural isomers are neutral, mono-, di-, and trisialylated;
as previously suggestef, (1. However, the unglycosylated e.g., some structures are neutral or can be capped with only
partial tryptic peptide (Gls—Lys,03) was not detected, one or two sialic acid residues (Hg¢iexNAcFuUG, Hexs-
indicating that Lys-193 is completely digested when Asn- HexNAcFugNeuAc, and HeyHexNAcFugNeuAs, re-
196 is not glycosylated. spectively). The relative abundance of the molecular ion
To ensure detection of all glycoforms attached to each signals suggest that the major components at this site are
N-linked site, the two sets of pooled HPLC fractions monosialylated. Earlier glycopeptide studies have indicated
containing putative Asn-196 and Asn-180 glycopeptides were that when glycopeptides with the same peptide sequence and
analyzed separately by capillary HPLC/ESI-oaTOF-MS.  different oligosaccharide components are compared, the
Asparagine 196 Sitd.he ESI-oaTOF spectra for the Asn- relative intensities in the ESI-MS data correlate closely with
196 glycopeptides are shown in Figure 1. The separation ofthe relative quantities of each glycoford¥j. The oligosac-
differentially sialylated species is clearly evident in the charide compositions also suggest that bisecting GIcNAc is
alcohol-based solvent system employed as resported earlietikely to be present; e.g., HeXdexNAc,FusNeuAG corre-
(10), with the least sialylated glycoform eluting first [i.e., sponds to a tetraantennary structure with bisecting GIcNAc,
the peaks at/z 1192.9 in Figure 1A andn/z 1265.7 in although a pentaantennary oligosaccharide with a nonreduc
Figure 1B differ by 72.8, then/z of the 4+ charge state of  ing terminal GIcNAc residue cannot be completely ruled out.
a NeuAc residue, indicating that the former glycopeptidé& ( Asparagine 180 Siténalysis of three sets of mass spectral
1192.9) has one less sialic acid than the latter glycopeptidedata (summarized in Table 2) obtained by capillary HPLC/
(m/z1265.7)]. The average mass valugd) (vere determined  ESI-0aTOF-MS of the pooled HPLC fractions of glycopep-
for molecular ions for all Asn-196 glycopeptides because tides occurring at the Asn-180 site corresponded to the
low ion statistics gave unresolved isotope peaks. Therefore,separated, differentially sialylated glycoforms present. Thus,
subtraction of the calculated average mass of the peptidesubtraction of the mass of the tryptic peptide spanning
Glnygs—Lysz03 (MW = 2137.3) from the average molecular residues 156184 (average mass 3638.1) from the measured
masses of the glycopeptides observed provided the oligosacmass of each putative glycopeptide yielded the tentative
charide residue compositions and stoichiometry summarizedglycan compositions presented in Table 2. The carbohydrate
in Table 1. The structural class of each oligosaccharide wascomposition for the most abundant signal in the asialo mass
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Table 1: HPLC/Electrospray Mass Spectrometry Data Obtained from Sequential Exoglycosidase Digestion of the Sialylated Glycopeptides
(Q/pyroEgs—Kz09 Spanning Asn-196

aftera-fucosidase and

aftera-sialidase Y. cholerag [-galactosidase digestion
intact glycopeptides (GIn-185) digestion (GIn-185) (pyroGlu-185)
glycopeptide carbohydrate proposed glycan glycopeptide carbohydrate glycopeptide
m'z MW ayg MW ayg composition m'z MW ayg MW ayg m'z MW ayg
1297.9 [3+] 3890.7 1771.6 HedexNAcFuc 1297.9 [3H] 3890.6 1771.6 1189.5 8] 3565.4
1024.5 [4+] 4093.8 1974.8 HeexNAGFuG 1024.5 [4+] 4093.8 1974.8 1257.2 8] 3768.6
1365.6 [3+] 1365.6 [3+]
1065.0 [4+] 4256.0 2137.0 HeHexNAGFuG 1065.0 [4+] 4256.0 2137.0 1257.2 18] 3768.6
1101.5 [4+] 4402.1 2283.1 HetexNAGFucs 1101.5 [4+] 4402.1 2283.1 1257.2 18] 3768.6
1468.4 [3+] 1468.4 [3+]
1115.8 [4t] 4459.2 2340.2 HetexNAGFuG 1115.8 [4+] 4459.2 2340.2 1324.9 18] 3971.7
1487.4 [3+]
1152.3[4]  4605.3 2486.3 HesHexNAGFuG 1152.3 [4-]  4605.2 2486.3 1324.9f8]  3971.7
1192.9 [4+] 4767.6 2648.5 HesHexNAGFuG 1192.9 [4+] 4767.6 2648.5 1324.9 8] 3971.7
1097.3 [4+] 4385.0 2266.0 HedexNAcFugNeuAc  1024.5 [4] 4093.8 2137.0 1257.2 8] 3768.6
1365.6 [3t]
1137.8 [4t] 4547.2 2428.2 HeHexNAGFugNeuAc  1065.0 [4-] 4256.0 2137.0 1257.2 8] 3768.6
1516.8 [3+] 1419.7 [3+]
1152.0 [4+] 4604.3 2485.3 HesdexNAcFucNeuAc  1079.3 [4] 4313.0 2194.0 1324.9 18] 3971.7
1438.7 [3t]
1224.9 [4+] 4895.5 2776.5 HesdexNAcsFucNeuAe  1079.3 [4+] 4313.0 2194.0 1324.9 18] 3971.7
1438.7 [3t]
1251.2 [4+] 5000.6 2881.6 HedexNAGFuGNeuAe 1105.5 [4+] 4418.1 2299.1 1257.2 18] 3768.6
1473.7 [3H]
1324.0 [4+] 5291.9 3172.9 HesHexNAcFugNeuAg 1105.5 [4+] 4418.1 2299.1 1257.2 8] 3768.6
1473.7 [3H]
1188.6 [4+] 4750.5 2631.5 HeHexNAcFugNeuAc  1115.8 [4] 4459.2 2340.2 1324.9 8] 3971.7
1261.4 [4+] 5041.6 2922.6 HeexNAGFugNeuAg 1115.8 [4+] 4459.2 2340.2 1324.9 18] 3971.7
1334.2 [4+] 5332.9 3213.9 HeHexNAcFugNeuAg 1115.8 [4+] 4459.2 2340.2 1324.9 8] 3971.7
1214.8 [4]  4855.2 2736.2 HelexNAGFugNeuAc 1142.0[4]  4564.2 2445.2 1257.28]  3768.6
1229.2 [4+] 4912.6 2793.6 HesHexNAcFugNeuAc  1156.3 [4] 4621.3 2502.3 1324.9 8] 3971.7
1301.9 [4+] 5203.8 3084.8 HedexNAGFugNeuAG 1156.3 [4+] 4621.3 2502.3 1324.9 {8 3971.7
1374.8 [4+] 5495.1 3376.1 HesHexNAGFugNeuAg 1156.3 [4+] 4621.3 2502.3 1324.9 8] 3971.7
1265.7 [4+] 5058.8 2939.8 HedexNAcFugNeuAc 1192.9 [4] 4767.5 2648.5 1324.9 18] 3971.7
1338.5 [4+] 5350.0 3231.0 HesHexNAGFugNeuAe 1192.9 [4+] 4767.5 2648.5 1324.9 8] 3971.7
1279.9 [4+] 5115.8 2996.8 HesdexNAc/FugNeuAc  1207.1 [4] 4824.5 2705.5 1392.6 8] 4174.9
1415.6 [4+] 5658.3 3539.3 HeexNAcFugNeuAg 1197.1 [4+] 4748.5 2629.5 1324.9 8] 3971.7
1352.8 [4t] 5407.0 3288.0 HesdexNAc/FugNeuAg 1207.1 [4+] 4824.5 2705.5 1392.6 {8] 4174.9
1425.6 [4+] 5698.3 3579.3 HesexNAc,FugNeuAg  1207.1 [4+] 4824.5 2705.5 1392.6 (8] 4174.9
1452.1 [4+] 5804.4 3685.4 HetexNAcFugNeuAg 1233.7 [4+] 4930.6 2811.6 1324.9 18] 3971.7
1316.5 [4+] 5262.0 3143.0 HeexNAcFuaNeuAc  1243.7 [4] 4970.7 2851.7 1392.6 {8] 4174.9
1357.0 [4+] 5424.1 3305.1 HeexNAc,FuagNeuAc  1284.2 [4] 5132.8 3013.8 1392.6 {8] 4174.9
1429.8 [4+] 5715.3 3596.3 HeiexNAcFuaNeuAg 1284.2 [4+] 5132.8 3013.8 1392.6 {8] 4174.9
1466.1 [4+] 5860.5 3741.5 HeexNAc,FugNeuAg  1247.7 [4+] 4986.7 2867.7 1392.6 3] 4174.9
1502.6 [4+] 6006.6 3887.6 HeHexNAc,FugNeuAg 1284.2 [4+] 5132.8 3013.8 1392.6 (8] 4174.9

spectrum suggests the presence of a biantennary structurexoglycosidases and analyzed by HPLC/ESI-oaTOF-MS
bearing bisecting GlcNAc (HaklexNAGFuG), which has after each step. The mass differences observed after each
previously been observed as a major component on hamstesingle exoglycosidase digestion and the monosaccharide
PrP2730 (3). The observed electrospray mass values also substrate specificity of each exoglycosidase were used to
indicate the presence of many other minor asialo di- and establish the sequence of the nonreducing termini. The
triantennary complex structures, possibly occurring both with glycopeptide mixtures were first digested with the nonspe-
and without bisecting GIcNAc; e.g., HghitexNAcsFuc and cific sialidase fromV. cholerae The resulting ESIl-oaTOF
HexsHexNAGsFug are likely to be triantennary structures mass spectra showed the anticipated absence of signals for
with and without a bisecting GIcNAc residue, respectively. the sialylated structures concomitant with both the appear-
However, for the former oligosaccharide, the presence of aance or increase in abundance of their nonsialylated counter-
tetraantennary structure with one agalactosyl antenna cannoparts (summarized in Tables 1 and 2) that now coelute with
be disregarded. The sialylated species are likely to includethe neutral constituents observed earlier as noted above.
bi-, tri-, and tetraantennary structures with up to two sialic Comparison of the relative abundance of the molecular ions
acid residues. Smaller signals were observed for thesefor the neutral and sialidase-treated glycopeptides spanning
sialylated structures, implying that they are less abundant Asn-196 (lower and upper overlay spectra of Figure 2A,
than the asialo components. respectively) reveal that the major components at this site
Exoglycosidase Digestiono establish that these putative contain terminal sialic acid. For example, a significant
structures are correct for the tentative compositions assignedncrease in molecular ion abundance was observed for the
thus far, the remainder of the purified glycopeptide-contain- asialo structures atvz 1065.0 (HexHexNAGFuc), m/z
ing fractions were incubated sequentially with specific 1115.8 (HexHexNAGFuG), andn/z1192.9 (HexHexNAGs-
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Table 2: HPLC/Electrospray Mass Spectrometry Data Obtained from Sequential Exoglycosidase Digestion of N-Linked Glycopeptides
(Y1s6—K1s4g) Containing Asn-180

intact glycopeptide
m'z carbohydrate carbohydrate o-fucosidase digestion [-galactosidase digestion
monoisotopic average MW (Da) massyg(Da) assignment m'z MW 4y (Da) m'z MW 4y (Da)
1017.7 [5+]  5083.5yg 1463.454 HexsHexNAcFuc 1017.7 [ 5083.5 1017.7 [5 5083.5
1271.9 [4+] 1271.9 [4+ 1271.9 [4+
1057.610 [5-]  1058.3[5+] 5283.15G 1665.324, HexsHexNAcsFuc 1058.3 [5+ 5286.7 1058.3 [5- 5286.7
1321.803 [4] 1322.7 [4+] 5286.%yg 1666.6yg 1322.7 [4+ 1322.7 [4+
1079.3[5+]  5391.7% 1771.6avg HexsHexNAuFuG 1050.1 [5+ 5245.6 1017.7 [5 5083.5
1348.9 [4f] 1312.4 [4+ 1271.9 [4+
1352.9 [4F]  5407.7%yg 1787 . Tavg HexsHexNAcgFuc 1082.5 [5- 5407.7 1017.7 [5 5083.5
1352.9 [4+ 1271.9 [4+
1090.8 [5+]  5448.4,4 1828.444 HexsHexNAcsFuc 1090.8 [ 5448.4 1058.3 [5 5286.7
1363.1 [4+ 1322.7 [4+
1111.8 [5+ 5553.8,4 1933.8vg HexsHexNAwFuc 1082.5 [5+ 5407.7 1017.7 [5 5083.5
1389.5 [4+ 1352.9 [4+ 1271.9 [4+
1119.268 [5]  1120.0 [5+ 5591.34Q, 1973.614hi HexsHexNAcsFuc, 1090.8 [5+ 5448.4 1058.3 [5- 5286.7
1398.840 [4-]  1399.7 [4+ 5594. Qg 1974.8g 1363.1 [4+ 1322.7 [4+
1131.4 [5+ 5652.Qug 2032.04g HexsHexNAcsFuc 1131.4 [5 5652.0 1099.0 [5 5489.8
1414.0 [4+ 1414.0 [4+ 1373.5 [4+
1426.0 [4+ 5700. %y 2080.7avg HexsHexNAaFug 1082.5 [5+ 5407.7 1017.7 [5 5083.5
1141.0 [5+ 1352.9 [4+ 1271.9 [4+
1152.4 [5+ 5757 .Qug 2137.04g HexsHexNAGFuc 1123.2 [5+ 5610.9 1058.3 [5- 5286.7
1403.7 [4+ 1322.7 [4+
1160.6 [5+ 5798.Lyg 2178.1ayg HexsHexNAcsFuc 1131.4 [5+ 5652.0 1099.0 [5 5489.8
1450.5 [4+ 1414.0 [4+ 1373.5 [4+
1180.908 [5-]  1181.6 [5+ 5899.540,; 2281.814 HexsHexNAcsFucs 1123.2 [5+ 5610.9 1058.3 [5- 5286.7
1476.8 [4+ 5903.2ug 2283.hyg 1403.7 [4+ 1322.7 [4+
1193.0 [5+ 5960.3g 2340.24yg HexsHexNAcFucG 1163.8 [5+ 5814.1 1099.0 [5 5489.8
1491.0 [4+ 1454.5 [4+ 1373.5 [4+
1214.1 [5+ 6065.4g 2445 3,4 HexsHexNAGFug 1156.6 [5+ 5778.1 1058.3 [5- 5286.7
1322.7 [4+
1222.3 [5+ 6106.4g 2486.3,4 HexsHexNAcsFug 1163.8 [5+ 5814.1 1099.0[[5 5489.8
1527.6 [4+ 1454.5 [4+ 1373.5 [4+
1243.3 [5+ 6211.5g 2591 454 HexsHexNAGFu 1156.6 [5+ 5778.1 1058.3 [5- 5286.7
1322.7 [4+
1254.7[5+]  6268.6yg 2648.5,4 HexsHexNAcsFuc 1196.3 [5+] 5976.3 1099.0[[5 5489.8
1495.1 [4+] 1373.5 [4+
a-fucosidase and
intact glycopeptide o-sialidase digestion p-galactosidase digestion
MW,y  carbohydrate MW,y  carbohydrate MW ayg
m'z (Da) mass (Da) carbohydrate assignment m'z (Da) mass (Da) m'z (Da)
1149.0 [5+] 5740.1 2120.0 HesHexNAcsFucNeuAc 1090.8 [5] 5448.4 1828.4 1058.3 5] 5286.7
1436.0 [4t] 1363.1 [4+] 1322.7 [4+]
1189.6 [5+] 5943.2 2323.2 HemdexNAcsFucNeuAc 1131.4 [3] 5652.0 2032.0 1099.0 {5] 5489.8
1486.8 [4+] 1414.0 [4+] 1373.5 [4+]
1210.7 [5+] 6048.3 2428.2 HetHexNAcsFugNeuAc 1152.4 [5] 5757.0 2137.0 1058.3 5] 5286.7
1513.1 [4+] 1440.3 [4+] 1322.7 [4+]
1251.3 [5+] 6251.5 2631.5 HegHexNAcsFugNeuAc 1193.0 [5] 5960.3 2340.2 1099.0 {5] 5489.8
1563.9 [4t] 1491.0 [4+] 1373.5 [4+]
1272.3 [5+] 6356.5 2736.2 HegtHexNAcsFugNeuAc 1214.1 [5] 6065.4 2445.2 1058.3 5] 5286.7
1322.7 [4+]
1313.0 [5+] 6559.8 2939.8 HegHexNAcsFucsNeuAc 1254.7 [5] 6268.6 2648.5 1099.0 5] 5489.8
1373.5 [4f]
1228.3 [5+] 6136.4 2516.4 HesHexNAcFugNeuAe 1111.8 [5+] 5553.8 1933.8 1017.7 tg] 5083.5
1389.5 [4+] 1271.9 [4+]
1239.7 [5+] 6193.5 2573.5 HeHexNAcsFucNeuAg 1123.2 [5+] 5610.9 1990.9 1058.3 5] 5286.7
1403.7 [4+] 1322.7 [4+]
1268.9 [5t] 6339.6 2719.6 HeHexNAcsFugNeuAe 1152.4 [5+] 5757.0 2137.0 1058.3 5] 5286.7
1440.3 [4+] 1322.7 [4+]
1280.3 [5t] 6396.6 2776.5 HetHexNAcFucNeuAe 1163.8 [5+] 5814.1 2194.0 1099.0 {5] 5489.8
1454.5 [4+] 1373.5 [4+]
1301.3 [5+] 6501.6 2881.6 HegHexNAcsFugNeuAe 1184.8 [5+] 5919.1 2299.1 1058.3 5] 5286.7
1322.7 [4+]
1309.6 [5t] 6542.8 2922.6 HetHexNAcFugNeuAc 1193.0 [5H+] 5960.3 2340.2 1099.0 {5] 5489.8
1491.0 [4+] 1373.5 [4+]
1321.0 [5+] 6599.8 2979.8 HetHexNAc,FucNeuAe 1204.5 [5+] 6017.3 2397.3 1139.6 {5] 5693.0
1342.0 [5t] 6704.9 3084.8 HegHexNAcFugNeuAG 1225.5 [5+] 6122.4 2502.4 1099.0 {5] 5489.8
1373.5 [4+]
1350.2 [5+] 6746.0 3126.0 HeHexNAc,FugNeuAe 1233.7 [5H] 6163.5 2543.5 1139.6 {5] 5693.0
1541.9 [4+]
1371.2 [5t] 6851.1 3231.0 HegHexNAcFueNeuA 1254.7 [5+] 6268.6 2648.5 1099.0 t5] 5489.8
1373.5 [4+]
1382.6 [5t] 6908.2 3288.0 HegHexNAc,FugNeuAG 1266.1 [5+] 6325.7 2705.5 1139.6 {5] 5693.0
1582.4 [4+]

aBoldface type indicates the major species identified on the basis of the relative abundance of the molecular ions in the mass spectra. Monoisotopic
masses were determined for the major glycoforms; however, average masses were calculated for minor glycopeptides with unresolved moleelsar ion sig




4890 Biochemistry, Vol. 38, No. 15, 1999 Stimson et al.

Table 3: Y Series Fragment lons Observed in the CID Spectrum of (A) BN T
the N-Linked Glycopeptide (¥s—Ki1ss—HexsHexNAGFuc,) at m/z :
1120.0 [M+ 5H]5+ 5 8 -
observedcalculated E3 E) @ 33 ¢
fragment ion composition MWpi MWy o B TIs = ny 8
(Y series) m'z (Da) (Da) e i : s ggc 73| % |z §§/9 3
Y 156—Kas—HexNAC 1280.64 3838.92 3838.81 g8: |z Sl gd|e J5| B S 3
M + 3H]3+ g |2 =TT g ¢
1920.46
M 4 2H]2*
Y 156~ K 1sa—HexNAcFuc 1329.31[MF 3H]*" 3984.93 3984.86
1993.47
M + 2H]2*
Y 156~ K1gs—HexNAc, 1348.34 4042.02 4041.88
[M + 3H]3+ (B). - 1120.0 (5+)
2022.01 e T z
M + 2HP* . . . &g =
Y 156—K184— HexNAGFuc 1396.99 4187.97 4187.94 7 2% ztée &._e 8 §
o o SHI E oz | ¢f z|szacstiziiss s
Y 156~ K 18— HexNAcHex 1402.34 4204.02 4203.94 A E1 F[72788 |5 25g/52 3z
M + 3H]3* 2 S VA R e R
Y 156—K1ga—HexNAcHexFuc 1451.00 4350.00 4349.99
[M 4 3H]3*
Y 156—K1ga—HexNAGHex 1456.31 4365.93 4365.99
M 4 3H3*
Y 156—K1ga—HexNAcHex 1470.03 4407.09 4407.02
[M 4 3H3*
Y 156~ K1ga—HexNAcHexFuc 1505.04 4512.12 4512.05 . ‘ : : ‘ . . Mot
[M + 3H]3" 1000 1060 1120 1z 1180 1240 1300
Yis6~Ksa—HexNAGHexFuc [&A518.36|_(|3]3+ 455298 4553.08 b pe2: Mass spectral comparisons of the asialo arsialidase-
Y 156—K 154~ HexNAGHe 1524.02 4569.06 456907 treated glycopeptides at (A) Asn-196 and (B) Asn-180. The asialo
[M + 3HJ** and o-sialidase mass spectra were normalized by using the
Y 56— K 15— HexNAGHexFuc  1559.38 467514 7674.10 intensities of the assigned neutral glycopeptides in each spectrum
M + 3HP as guides; i.e., no S|aIyIatgd counterparts for QH-EBXNAcsFucg at
Y 156~ K14~ HexNAGHexFuc  1572.74 471522 471513 Wz 1101.5 were detected in Figure 3B); therefore, the intensity
[M + 3HJ3+ of this signal in each spectrum was used as the guide.
Y 156~ K1sa—HexNAcHexs 1578.13 4731.39 4731.12
M + 3HJ3* NAc7Fuc, which conform to bi-, tri-, and tetraantennary
Y156~ Kgs—HexNAcsHexFuc [ﬁzfg:]ﬁ 4877.22 487718 glycans. All Asn-196 and Asn-180 glycopeptides bear one
Y 156—K 1o~ HexNAGHexsFUG 1675.45 5023.35 5023.24 chosg reS|du_e t.ha'F is _reS|star_1t u(1—3,4)—fu003|dase
M + 3H]3* digestion. This finding is consistent with(1,6)-fucose

remaining on the chitobiose core. Also, the complete removal

Fuc) after sialidase digestion, establishing that a large of terminal galactose by3-galactosidase f(,4-specific)
proportion of the natural glycan structures or glycoforms are indicates the presence of type 2 antenri® énd thus, the
capped with sialic acid. Furthermore, many sialylated sialyl Lewis‘ and Lewi$ structural epitopeslg).

structures do not exist as asialo counterparts, because many MS/MS of Asn-180 Glycopeptide$o strengthen the
new signals appear after neuraminidase digestion [evg., results obtained from these exoglycosidase studies and to
1105.5 (HexHexNAGFucg), m'z 1156.3 (HexHexNAGs- establish unambiguously the presence of bisecting GIcNAc
Fug), m/z 1207.1 (HexHexNAc/Fucg), and nvVz 1284.2 on S-mannose, selected glycopeptides containing Asn-180
(Hex;HexNAcFug)]. In contrast, comparison of the relative  were subjected to low-energy MS/MS using a high-resolution
abundance of the molecular ions for the asialo glycopeptideshybrid quadrupole-oaTOF tandem mass spectrometer fitted
spanning Asn-180 with their sialidase-digested counterpartswith nanoelectrospray ionization. The resolution provided
(lower and upper overlay spectra of Figure 2B, respectively) by this instrument enables unambiguous assignment of the
indicates that neutral glycoforms are the major natural charge state of each fragment ion (see inset in Figure 3),
components at this site. However, a significant difference and its inherent mass accuracy ensures high confidence in
in signal intensity occurs at/z 1090.8 (5) (Hex;HexNAGs- sequence assignments. The fragment ion spectrum of the
Fuc) and m/z 1193.0 (5+) (HexsHexNAcsFuc), which most abundant glycopeptide spanning Asn-180 {HexNAGs-
indicates that these structures are the major sialylatedFuc-[Y 156—Kis4; S€€ Figure 2B) is shown in Figure 3. The

substituents at Asn-180. spectrum is dominated by oxonium ions (B ions) at low mass,
Further characterization of the sialidase treated glycopep-which are derived from glycosidic cleavages at the nonre-

tides was achieved by exhaustive digestion veithi—3,4) ducing end of the carbohydrate chain (see caption to Figure

fucosidase X. manihoti$ followed by -galactosidasel}. 3). Importantly, the singly charged nonreducing fragment ion

pneumonaig with analysis by HPLC/ESI-0aTOF-MS after atm/z512.20 (for HexFucHexNAGD supports the presence
each step (summarized in Tables 1 and 2). After complete of the terminal Lewi$ epitope. The absence of this signal
digestion with both enzymes the saccharide moieties werein the MS/MS spectrum of the truncated biantennary gly-
truncated to the following core structures: HedrxNAG- copeptide comprising HgkexNAGcFuc (wz 1058.3 [M+
Fuc, HexHexNAGFuc, HexHexNAcFuc, and HexHex- 5H]>") (data not shown) provides further corroboration of
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FiGURE 3: (A) CID spectrum of the glycopeptide HgxexNAcsFuc-(Y1%6-L184) at m/z 1120.0 [M + 5H]>". The inset shows the mass
resolution obtained during this experiment, which immediately enables charge state assignment. The singly chargeuzi@egl.ao
(HexNAc)", miz366.14 (HexHexNAc), m/'z512.20 (HexHexNAcFuc) andm/z528.2 (HexHenNAc)" are nonreducing terminal fragments,
whereagn/z 569.23 (HexHexNAg™ is an internal ion resulting from multiple cleavages. An expanded region containing the Y ion series
is shown in panel B.

this assignment. More sequence information is provided by Chart 1
a series of multiply charged Y ions (Figure 3B) whose B,,
formation is favored because charge is retained by the peptide Fuc x

attached to the reducing terminus. The collision-induced b

Ly Yo
Gal — GIcNAC —Man

o«

. . . v Y
fragmentation processes observed for this glycopeptide are ¥ Fuc
shown in Chart 1. The presence of the reducing terminal GIeNAC ——~ Man —GlcNAc - GlcNAc-Peptide

fragment ion Y, at 1329.31 [M+ 3H]*" in all product ion P Ve A
spectra shows that core fucose is present on all glycopeptides G'CNAi,,.EjMan
analyzed. Furthermore, product ionsmaftz 1470.03 [M+ B Yo
3H]3" (HexNAgHex) and m/z 1518.66 [M + 3HJ3* peptide mass. Figure 4A shows a direct comparison of the
(HexNAGHexFuc) arise from multiple Y rearrangements and neutral components at each of the N-linked sites and reveals
establish the presence of bisecting GIcNAc/mannose. that the major glycoforms at Asn-180 are also present at Asn-
Site-Specific Comparisons of the N-Linked Glycarie 196. However, there are many other minor neutral compo-
glycosylation at each of the two N-linked consensus sites nents at Asn-180 that are not observed on the latter site (see
was directly compared via transformed spectra with intact Figure 4A; e.g., HesHexNAGFuc at 1666.6 Da and Hex
carbohydrate mass plotted on tke@xis instead of glyco-  HexNAcFuc at 1933.8 Da). A site-specific comparison of

Y,

i.,.,) Y
Yjﬁ Ia
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FiGURE 4: Site-specific comparisons of the (A) asialo, (B) monosialyl, and (C) disialyl oligosaccharides at Asn-180 (upper trace) and
Asn-196 (lower trace). These data are presented as deconvoluted mass spectra. By plotting carbohydrate mass (daltons) instead of glycopeptide
mass (daltons) along theaxis, the glycans at both sites can be directly compared. Intact carbohydrate mass was calculated by subtraction

of the calculated mass of the unglycosylated peptidags{@ o3 2137.3 Da for Asn-196 and 1¥—L g4 3638.1 Da for Asn-180) from
glycopeptide mass and addition of® (18 Da).

19748 glycan components at Asn-196 fall mainly within a mass
range of approximately 2000 B&020 Da and consist of

tri- and tetraantennary structures.

463.4
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This work provides the first detailed site-specific structural
characterization of the N-linked glycans on PrBy mass
spectrometry. The key factor that facilitated the extensive
identification of approximately 60 complex N-linked glycans
was the use of a highly sensitive, three-stage mass spectro-
metric analysis. First, an ESI triple quadrupole mass spec-
trometer equipped with selected ion monitoring for carbo-

1400 1777 2154 2531 2908 3285

Carbohydrate Mass (Da)
Ficure 5: Deconvoluted mass data comparing theialidase-

hydrate-specific fragment ions was used to selectively detect
and collect glycopeptide-containing components in a complex

treated oligosaccharides at Asn-180 (upper trace) and Asn-196yptic digest mixture (HPLC/EStCID-MS). Second, the

(lower trace) (see caption to Figure 4).

isolated glycopeptide fractions were then reanalyzed by

the mono- and disialylated moieties (Figure 4 panels B and HPLC/ESI-0aTOF-MS, which permitted the detection of a

C, respectively) also shows that many sialylated bi- and Mmyriad of glycoforms at each of the two N-linked sites.
triantennary structures are common to both sites, althoughThird, more structural detail was derived for particular
some of the larger tetraantennary structures at Asn-196 arél'yCOPG_Pt'de components by tandem mass spectrometry
not detected at Asn-180 (e.g., HelexHAc,FugNeuAc at ~ employing a ES Qq TOFMS.

3143.0 Da and HeXlexHAcFugNeuAG at 3596.3 Da). The proposed structures for the N-linked complex glycans
Asn-196 also has a significant quantity of trisialylated tri- found at Asn-180 and Asn-196 from murine Pt&e shown
and tetraantennary glycans that were not detected at Asn-in Figure 6. These neutral and sialylated complex-type
180. A comparison of the sialidase-treated carbohydrate glycans are characterized by the presence of outergtm
masses from both sites (shown in Figure 5) provides 3)-fucosylation (the Lewisand sialyl-Lewi$ epitopes), core
unequivocal evidence of differing N-glycan populations. It o(1,6) fucose, and the presence of terminal HexNAc residues.
can be clearly seen that the majority of glycoforms at Asn- The majority of oligosaccharides are presented with bisecting
180 are bi- and triantennary structures falling within a mass GIcNAc residues; however, additional microheterogeneity
range of approximately 1662340 Da. In contrast, the major may exist arising from structural isomers that cannot be
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Ficure 6: Proposed structures of the N-linked oligosaccharides at Asn-180 and Asn-196 from motfs&tRuBtures are grouped as (1)
biantennary complex, and (ll) triantennary complex, and (lll) tetraantennary complex. The majority of carbohydrate structures are shown
with bisecting GIcNAc and agree with the N-glycans previously characterized on hamsterB3P@&J.

characterized by MS and exoglycosidase digestions alone.epitope was not unequivocally resolved and, in addition,
For example, the oligosaccharide composition dHexNAGs- many other glycoforms were not observed on hamster PrP,
Fuc is represented as a biantennary structure containingincluding those without bisecting GIcNAc, sialylated glycans
bisecting GIcNAc; however, a triantennary oligosaccharide with agalactosyl antennae, and neutral triantennary structures.
with one agalactosyl antennae may also be present. Even The abundance of the Lewiand sialyl Lewi¥ epitopes

so, the proposed N-linked glycans agree well with the on murine PrP* may indicate a role for these structures in
information presented in previous reports on the glycosyl- the normal function of PiPor the pathophysiology of P#P
ation of hamster PrP3( 4). Furthermore, our data provide The Lewis trisaccharide is the major nonreducing structure
additional important structural information not revealed in at Asn-180 and significant amounts of both Letdsad sialyl
earlier work. Stahl et al.4) carried out a detailed mass Lewis* epitopes are observed at Asn-196. The Lé&wfstope
spectrometric structural analysis of hamster PrP that facili- is highly regulated during development in the central nervous
tated the identification of the endo Lys-C glycopeptide system. Inthe early chicken embryo, for example, the epitope
spanning Asn-181. The structures of glycoforms observed becomes rapidly upregulated in the developing nervous
at this hamster site and their relative abundance are directlysystem during neural inductiorl{, 18. Furthermore, the
comparable to those seen at the equivalent site on murineLewis* antigen has been suggested to serve as an intracellular
PrPc. For example, the neutral biantennary structure contain- recognition molecule in the developing human CNS8, (17,

ing one agalactosyl antenna and bisecting GIcNAc ¢Hex 19), although no specific lectins in the CNS have been
HexNAGFug) is by far the major glycoform on both hamster documented. In this context, Pr8ynthesis is developmen-
and murine Pr&® However, the glycopeptides spanning Asn- tally regulated in the brain of newborn hamste28,(21),

196 were not detected and, therefore, cannot be comparedts mRNA is widely expressed in brain and nonneural tissues
with the present study. Other earlier wor®) ©n the total during embryonic development of the moug8)( and subtle
liberated N-glycans of hamster PfRestablished that they  deficits in nerve function are apparent in mice lacking
are composed of complex bi-, tri-, and tetraantennary expression of the PrP protei23, 24. The sialyl Lewig
structures, which all have bisecting GIcNAc, are capped with antigen is found on the surface of leukocytes and has been
up to three sialic acid residues, and possess the Eewis identified as a ligand for the selectin family of cell adhesion
epitope, core fucosylation, and terminal and bisecting molecules25—27). However, the selectins have a relatively
GIcNAc residues. However, the presence of the sialyl-Lewis low affinity for the sialyl Lewig tetrasaccharide; thus, to
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attain high-affinity binding, it has been suggested that the mice infected by different strains of TSE agenis 48.
counterreceptors might be macromolecules that present theComplex glycans are present on both PaRd PrP¢ (49)
oligosaccharides in a clustered arr@g)( Recent evidence  and ongoing studies in our laboratory will determine site-
has shown that PFRPand PrP° accumulate in cavolaelike  specifically whether detailed structures of glycoforms differ
membranous domain29) and consequently may form between strains of scrapie in murine mouse models.
clustered oligosaccharide structures within these regions on
the surface neural cells. These observations raise the posACKNOWLEDGMENT
sibility that the Lewi$ and sialyl Lewi& antigens on PrP
may mediate interactions with target cells that express lectins
recognizing these terminal sugar epitopes.
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